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© The present invention is directed to novel op- 
toelectronic devices, such as light emitters and de- 
tectors, that have a unique combination of semicon- 
ductor materials that provides a band arrangement 
' resulting in improved efficiency of carrier injection. 
The devices are quantum well type devices in which 
discrete electronic states are formed by size quan- 
tization effects in the quantum well region. Elec- 
tromagnetic radiation of emission and absorption oc- 
curs by the transition of electrons from a first energy 
state to a second energy state in either the conduc- 
tion band or the valence band of the quantum well 
layer (12). The bands edges of the layers are offset 
such that under an appropriate bias, the discrete 
energy states reside in the bandgap of one of the 
electrodes (14) and in an allowed region of the other 
electrode (16), with one state residing in the conduc- 
tion band of one electrode and the other state resid- 
ing in the valence band of the other electrode. The 
wavelength of the emitted or detected light is in- 



versely proportional to the energy difference be- 
tween the first and second states. Wavelength 
customization is facilitated by techniques for adjust- 
ing the energy difference. 
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OPTOELECTRONIC DEVICES 



The present invention is directed to semicon- 
ductor optoelectronic devices and more particu- 
larly, to quantum well semiconductor optoelectronic 
devices having improved carrier injection efficiency 
and wavelength tuning. 

Optoelectronic devices, such as lasers, light 
emitting diodes and light detectors, are useful in a 
wide , range of applications, including communica- 
tions systems, surgical instruments, and various 
electronic devices. Semiconductor optoelectronic 
devices are based upon the excitation and recom- 
bination of charge carriers in a semiconductor ma- 
terial. One such semiconductor optoelectronic de- 
vice is a quantum well device, wherein a thin layer 
of semiconductor material, the quantum well active 
region, is sandwiched between layers of another 
semiconductor that serve as the sources of charge 
carriers that are injected into the quantum well. The 
cladding injection layers have a wider bandgap 
than the active layer and the quantum well layer is 
made very thin in order to form discrete energy 
levels in the active layer by the size quantization 
effect. In order to emit or absorb light r a quantum 
transition occurs between the conduction band and 
the valence band of the active region. Electrons are 
injected into the active region from one cladding 
layer and holes are injected into the active region 
from the other cladding layer. The electrons and 
holes recombine in the active region resulting in 
the emission of electromagnetic radiation. 

There has been significant interest in develop- 
ing techniques for improving the efficiency of such 
devices. The interest has focused on increasing the 
efficiency of carrier injection into the quantum well 
and recombination within the quantum well and 
also to providing wavelength tuning. In addition, it 
is also desirable to provide efficient device opera- 
tion at wavelengths in the range of 1.3-10 /im, 
currently of interest for optical communications. 

One recent development in quantum well fight- 
emitting technology being explored is resonant tun- 
nelling in superlattice regions. In resonant tunnel- 
ling, minibands of the superlattice active region are 
aligned with energy levels in the cladding injector 
layers so that carriers tunnel through barrier layers 
from the injector layer to the collector layer at a 
single energy level. Helm et al. t Physical Review 
Letters, Vol. 63(1) 1989, disclose sequential reso- 
nant tunnelling to provide intersubband emission 
from semiconductor superlattices. Yuh et al. in 
Appl. Phys. Lett. 51(18) 1987, disclose a band 
aligned superlattice laser in which an active region 
is formed with two minisubbands, the upper 
minisubband being aligned with the minisubband of 
the emitter region and the lower minisubband being 



aligned with the minisubband of the collector re- 
gion. While carrier injection is apparently improved, 
there is extreme dependence on the formation of 
the superlattice layers which must be very precise 
5 in order to provide the alignment of the manmade 
minibands. 

The invention as claimed is intended to rem- 
edy these drawbacks. 

The present invention is directed to semicon- 

70 ductor optoelectronic quantum well devices having 
a unique relationship of band energies of the semi- 
conductor layers which provides a novel way of 
realizing efficient carrier injection and customization 
to a broad range of wavelengths. The devices are 

75 formed by a quantum well active region sand- 
wiched between cladding electrode layers that are 
separated from the active region by thin tunnelling 
regions and/or by potential barriers. Thus, the de- 
vices may comprise three, four or five layers of 

20 semiconductor material. The quantum well active 
region contains at least two electronic states 
formed by the size-quantization effect. Under an 
operating bias voltage, each energy state resides in 
the forbidden region of one of the electrodes and 

25 simultaneously in the allowed region of the other 
electrode. One of the states resides in the conduc- 
tion band of one electrode and the other state 
resides in the valence band of the other electrode. 
The optoelectronic devices of the present in- 

30 vention are adaptable for electromagnetic energy 
emission or absorption. Thus, depending on the 
relationship of the band energies of the various 
materials used to form the layers, the resulting 
structures are capable of emitting or absorbing 

35 light from the near to the far infrared. In the active 
region, the energy states are spaced apart in either 
the conduction band or the valence band. The 
optical transitions, emission or absorption, take 
place between a pair of energy states. The dif- 

40 ference in energy between the two states deter- 
mines the frequency of the emitted or absorbed 
electromagnetic energy. If the optical transition 
takes place in the conduction band, the transition is 
between electron states. If the optical transition 

45 takes place in the valence band, the transition is 
between hole states. 

For a light emitting device under bias, the 
higher electronic state resides in the conduction 
band of the emitter electrode and simultaneously 

so resides in the bandgap of the collector electrode. 
The lower electronic state simultaneously resides 
in the bandgap of the emitter electrode and in the 
valence band of the collector electrode. To emit' 
light, the structure is forward biased so that carriers 
are injected from the emitter electrode to the high- 
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er energy state in the active region. These carriers 
cannot travel directly to the collector electrode at 
that high energy level because the energy level 
resides in the bandgap of the collector layer. The 
carriers re|ax to the lower energy state thereby 
causing light to be emitted at a wavelength in- 
versely proportional to the difference in energy of 
the two states. At the lower energy level, which lies 
in the valence band of the collector region, the 
carriers then travel through to the collector layer. 
The carriers are prevented from travelling back to 
the emitter electrode because the lower energy 
level resides in the bandgap of the emitter elec- 
trode. 

For a light detecting device, the band edge 
arrangement is the same as the light emitter under 
an operating bias voltage. However, there is a 
- difference in the material requirements in that in 
equilibrium, the Fermi level of the light-detecting 
device must be in the bandgap of either of the 
cladding electrodes. This difference in Fermi level 
alignment is necessary to allow a negative bias to 
be applied to the detector. Under an operating 
negative bias, the path for electrons is limited due 
to the energy band arrangement to being injected 
from the collector into the lower energy state in the 
quantum well. Absorption of light within the proper 
wavelength range will cause the electrons in the 
lower state to be excited to the higher energy level 
where they will flow to the emitter. 

The devices may be implemented with a com- 
bination of type I and/or type II tunnel heterojunc- 
tions that use more than two different materials, 
forming polytype hetero-structures. In these em- 
bodiments, a thin tunnel barrier is provided be- 
tween one or both of the cladding electrodes and 
the active region so that carriers are injected into 
the quantum well by tunnelling. In another embodi- 
ment, the devices are implemented with a com- 
bination of type I and/or type II heterojunctions in 
which carrier injection occurs through potential bar- 
riers at one or both of the electrode-active region 
interfaces. 

The devices of the present invention operate in 
a more efficient manner than the minority-carrier 
injection of forward-biased pn junctions used in 
conventional semiconductor light-emitting devices 
and laser diodes, since there is no minority carriers 
involved in the operation of the inventive devices. 
In addition, the present invention differs drastically 
from the conventional resonant-tunnelling schemes. 
The present invention provides a system in which 
efficient carrier injection may be more easily re- 
alized and which also facilitates customization to a 
broad range of wavelengths. Various known tech- 
niques may be employed to vary the spacing be- 
tween the energy states in the quantum well to 
provide the desired wavelength for light emission 



or absorption. 

For a better understanding of the present in- 
vention, together with further objects and advan- 
tages, the invention is described in the following 
5 with reference to the accompanying drawings, in 
which: 

Rgs. 1a and 1b 

are examples of energy band profiles for the 
light emitting devices of the present invention, 
10 wherein Fig. 1a shows the equilibrium state and 
Fig. 1b shows the biased state; 
Fig. 2 

is an energy band profile of a specific embodi- 
ment of the light emitting device of the present 
75 invention in a biased state; 
Rgs. 3a and 3b 

are examples of energy band profiles of the light 
detecting devices of the present invention, 
wherein Fig. 3a shows the equilibrium state and 
20 Hg. 3b shows the biased state; and 
Fig- 4 

is an energy band profile of a specific embodi- 
ment of the light detecting device of the present 
invention in a biased state. 

25 Referring now to the drawings, Figures 1a and 
1b depict energy band profiles for the light emitting 
devices of the present invention. The profiles 
shown in Figures 1a and 1b, as well as in Rgures 
3a and 3b, are general in nature and are designed 

30 to portray the basic concept of the invention. The 
band edges for all of the layers are not shown, as 
only the area of interest for the structures is de- 
picted. The band edges not shown may vary for 
particular material systems, but their general reia- 

35 tionship with the shown edges will be described. In 
addition, all the figures depict five layer devices but 
it will be understood by those skilled in the art that 
the energy band profiles will be identical for three 
and four layer devices with the energy band for 

40 either one or both of the electrodes being shifted to 
be adjacent to the active region in the absence of a 
barrier layer. 

Turning now to Rgure 1a, there is shown a five 
layer light emitting device 10 in equilibrium, com- 

45 prised of a quantum well region 12 sandwiched 
between a first cladding electrode 14 and a second 
cladding electrode 16. Electrode 14 is separated 
from the quantum well region 12 by tunnel barrier 
18 and electrode 16 is separated from the quantum 

so well region 12 by tunnel barrier 20. In the quantum 
well region 12, a plurality of energy states are 
formed by the size-quantization effect. In order to 
provide the necessary carrier confinement to form 
the discrete energy levels, tunnel barriers 18 and 

55 20 must have a wider bandgap than the bandgap 
of the active region 12. As shown in Rgure 1a, two 
energy states Ei and E2 are formed. It should be 
understood that the band edge of the active region 
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12 is not shown because the energy states Ei and 
E2 may be formed in either the conduction band or 
the valence band of layer 12. If the energy states 
are in the conduction band, the conduction band 
edge will be below E1. Alternatively, if the energy 
states are in the valence band, the valence band 
edge will be above E2. 

Barrier layers 18 and 20 are tunnel barriers 
such that the bandgap must be wide enough so 
that the layers act like insulators and also thin 
enough so that carriers can tunnel through the 
layers. In the illustrative embodiment shown in Fig- 
ure 1a, in the equilibrium or unbiased condition, the 
light emitting device is formed with the energy 
state E1 residing in the bandgap of electrode 14 
and simultaneously in the valence band of elec- 
trode 16. Energy state E2, resides simultaneously 
in the conduction band of electrode 14 and the 
bandgap of electrode 16. Alternative equilibrium 
band edge arrangements are also possible such as 
where both Et and E 2 resides only in allowed 
regions of the electrodes 14 and 16. 

As shown in Figure 1b, under an appropriate 
forward bias voltage V b , i.e., electrode 16 biased 
positively with respect to electrode 14, the align- 
ment of the bands is such that electrons will tunnel 
from the conduction band of layer 14 through layer 
18 to energy state E2. The electrons in state E 2 are 
prevented from tunnelling directly through to layer 
16 because state E2 resides in the bandgap of 
layer 16. Arrow 22 depicts the tunnelling of carriers 
from 14 to 12. In the quantum well 12, the elec- 
trons relax to state E1 as depicted by arrow 24. 
The relaxation results in the emission of electro- 
magnetic radiation depicted by arrow 26 of energy 
hw. The wavelength of the emitted light will be 
inversely proportional to the energy difference E2 - 
Ei. The recombined electrons in state Ei then 
tunnel through layer 20 to electrode layer 16 as 
depicted by arrow 28. This is the only path for the 
electrons leaving state Ei since state Ei resides in 
the bandgap of layer 14 preventing electrons from 
tunnelling back to 14. Thus, very efficient carrier 
injection and optical transitions are achieved with a 
device formed with the band alignments in accor- 
dance with the present invention. . 

In the illustrative embodiment shown in Figure 
2, the present invention is implemented with a 
combination of type I and type II tunnel junctions 
that use more than two different materials, forming 
polytype heterostructures. Polytype heterostruc- 
tures were first disclosed by Esaki et al., Jp. J. of 
Appl. Phys. 20(7) 1981. A type I tunnel junction is 
such that under equilibrium the conduction band of 
the emitter is higher in energy than the valence 
band of the collector. In addition, a type I tunnel 
junction is formed with the conduction band of the 
collector higher in energy than the valence band of 



the emitter. In contrast, in type II tunnel junctions, 
the conduction band of the emitter is lower in 
energy than the valence band of the collector or 
alternatively the conduction band of the collector is 
5 lower in energy than the valence band of the emit- 
ter. 

An example of a type I tunnel junction is InAs- 
AISb-lnAs. An example of a type II tunnel junction 
is InAs-AISb-GaSb. Both of these tunnel junctions 

10 are crystal-lattice compatible and may be routinely 
prepared by modem deposition techniques such as 
molecular beam epitaxy. The integration of these 
two tunnel junctions and material structure is 
shown in Figure 2. Electrode 14, tunnel barrier 18 

75 and active region 12 are comprised of InAs-AISb- 
InAs, respectively, a type I tunnel junction. At the 
same time, the quantum well region 12, barrier 
layer 20 and electrode 16 are comprised of InAs- 
AISb-GaSb, respectively, a type II tunnel junction. 

20 Thus, the five layer light emitting device 10 is 
formed by a combination of the type I and type II 
tunnel junctions. As can be seen from the align- 
ment of the conduction band Ec and the valence 
band E v of each of the layers, the combination of 

25 type I and type II tunnel junctions allows for the 
realization of the conditions illustrated in Figure 1b. 
It will be obvious to those skilled in the art that 
other material systems from which type I and type 
II heterojunctions and tunnel junctions may be 

30 formed can be combined to provide the band edge 
arrangement of the present invention and the use 
of such other systems is contemplated herein. 

Figure 2 is a calculated band diagram under dc 
bias of 140 mV. Active layer 12 is shown as having 

35 a thickness of 15 nm and barrier layers 18 and 20 
are shown as having a thickness of 2 nm each. It 
should be understood that these thicknesses are 
exemplary only. Layer 14 is n-doped and layer 16 
is p-doped. As with the thicknesses, the doping 

40 concentration shown for layer 14 of 5 x 10 17 cm" 3 
and the doping for layer 16 of 1 x 10 19 cm~ 3 are 
also exemplary only. Under a bias voltage V b of 
140 mV, and for energy difference of E2 - Ei equal 
to 0.12 eV, the corresponding light emission would 

45 be in the 10 pm range. By proper selection of 
material combinations, that may include alloys of 
the above InAs, GaSb and AlSb or other semicon- 
ductors compatible with them, and of the layer 
thicknesses, the light emission can be extended to 

50 both lower and longer wavelengths. Thus, emission 
near 1.8 ^m can be achieved using a 5 nm InAs 
quantum well region 12 and AIGaAsSb as an injec- 
tor layer 14 of carriers. 

The preferred embodiment of the invention has 

55 been described above, however, several variations 
of the basic structure are possible. In one embodi- 
ment, a similar structure to that of Figure 2 is 
provided but having Gasb as the active layer 12 
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instead of InAs. The material structure is n- 
InAs/AlSb/GaSb/Alsb/p-Gasb. In this embodiment, 
the optical transitions will take place between hole 
states in GaSb as the two energy states Ei and E 2 
are located within the valence band of the active 
region. Upon applying a bias to this device, holes 
are supplied to the active region 12 from the elec- 
trode 16 at the higher energy level Ei, the holes 
then relax to the lower energy state E 2 to radiate 
electromagnetic energy inversely proportional ' to 
the energy difference between states. The holes 
are then collected by electrode 14 at an energy 
level of E2. 

In another variation, the invention may be im- 
plemented in a 2, 3 or 4 layer structure in which at 
least one junction is a type II heterojunction or a 
type II tunnel junction. A type II heterojunction has 
the same band edge offset requirement described 
above for the type II tunnel junction, except without 
the tunnelling layer being present. For example, the 
elimination of the AJsb barrier layer 18 in the struc- 
ture of Figure 2, results in the optical transition 
occurring between quantum states in the accu- 
mulation layer formed at the interface of AiSb layer 
20 and InAs layer 12. Likewise, the elimination of 
the AiSb barrier layer 20 in the structure of Figure 
2, results in the optical transition taking place at the 
InAs layer 12 GaSb layer 16 interface. The elimina- 
tion of both Alsb barrier layers 18 and 20 in the 
structure of Figure 2, will result in the optical transi- 
tion occurring between quantum states in the accu- 
mulation layer formed at the interface of InAs layer 
12 and GaSb layer 16. Where the tunnel layers are 
eliminated, carrier confinement is provided by a 
triangular potential barrier formed by band bending 
at the electrode and active region interface(s). 

In another embodiment of the invention, tunnel- 
ling may be provided between the electrodes and 
the quantum well by the formation of zero thick- 
ness potential barriers. As shown by L. Chang and 
E. Mendez, IBM Tech. Bui. Vol. 32, No. 3B, August 
1989, tunnelling may occur in two-dimensional sys- 
tems by a zero thickness potential barrier between 
certain heterostructures. This concept is one meth- 
od for realizing 3 and 4 layer devices of the inven- 
tion. 

A further embodiment includes the use of mul- 
tilayer structures in layers 14 and 16 to manipulate 
and increase the refractive index of the cladding 
layers so that light guiding can be provided to the 
emitted radiation and e.g. low-threshold laser op- 
eration can be achieved. In addition, the use of 
short-period superlattices as electrodes layers 14 
and 16 may be employed. In this system, the 
superlattices are designed in such a way that one 
of them has a mini-gap at the energy position of E 2 
(see Figure 1) and a mini-band at the energy 
position of Ei, whereas the other one has a mini- 



gap at Ei and a mini-band at E2. 

Light detectors can be constructed utilizing the 
same basic principle. Figures 3a and 3b show band 
diagrams of a detector, Figure 3a being without 

5 bias and Figure 3b being in operation, i.e., with 
bias. As with the light emitting device of Figure 1, 
the detector 30 shown in Figure 3 is a five layer 
embodiment of the detector, with a quantum well 
region 32 separated by electrodes 34 and 36 and 

10 tunnel barriers 38 and 40. It should be noted that 
there is a difference in the material requirement 
from the light emitting structures of Figure 1. For 
light detection, the Fermi level E F of the structure 
under equilibrium must be in the bandgap in either 

75 layer 34 or layer 36 to allow the application of a 
negative bias to the structure. Under a negative 
bias voltage, as shown in Figure 3(b), state Ei is in 
the valence band of electrode 36 and in the band- 
gap of electrode 34, while state E 2 is in the band- 

20 gap of electrode 36 and in the conduction band of 
layer 34. 

The arrangement of the bands as shown in 
Figure 3b under appropriate negative DC bias, pro- 
vides for electrons in layer 36 to tunnel through 

25 layer 40 to state Ei where they are excited to state 
E 2 by absorption of light of energy E 2 - Ei. The 
electrons then tunnel from state E 2 through layer 
38 to layer 34. As in the case of the light emitting 
devices, the path available for electrons to reach 

30 electrode 34 is limited to the path depicted by 
arrows 42, 44 and 46, with absorption of photons 
with the proper energy depicted by arrow 48. This 
is due to the fact that state Ei is in the bandgap of 
electrode 34 which prevents direct tunnelling from 

35 36 to 34 and that energy state E 2 is in the bandgap 
of layer 36 preventing electrons from tunnelling 
back to 36. As can be seen, in the operating or 
biased state, both energy states Ei and E 2 reside 
simultaneously in the bandgap of one electrode 

40 and in an allowed region of the other electrode. 

The implementation of the invention for light 
detecting devices can also be made by a combina- 
tion of type I and type II tunnel junctions. In the 
illustrative embodiment shown in Figure 4, the light 

45 detector 30 is formed by an AllnAsSb layer 34, an 
AiSb layer 38, an InAs layer 32, an Alsb layer 40 
and a GaSb layer 36. As shown, the ground energy 
state Ei lies in the bandgap of the AllnAsSb layer 
34 and at the same time E 2 lies in the bandgap of 

50 the GaSb layer 36. Electrons are supplied from a 
GaSb layer 36 valence band to Ei but are blocked 
by the bandgap of the AllnAsSb layer 34. As with 
the light emitter, other material systems are con- 
templated herein that will provide the band edge 

55 arrangement of the invention. 

The energy band profile of Figure 4 is the 
calculated bands for a quantum well 32 of 8 nm, 
tunnel barriers 38 and 40 of 2 nm and under an 
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applied bias voltage of 400 mV. in this case E 2 - 
Ei will be 0.345 eV, with a corresponding absorp- 
tion wavelength of 3.59 nm. Similar variations in 
structure as described with respect to the light 
emitting devices also apply to the light detecting 
devices. Thus, the detectors may be formed by 3 
and 4 layer structures of various combinations of 
type I and type II heterojunctions and type I and 
type II tunnel junctions as described above. 

In accordance with the present invention, the 
optical transitions occur between discrete energy 
states in one of the allowed bands of the quantum 
well rather than between bands. The utilization of 
the energy states in this manner, together with the 
unique band alignment of the layers, allows for a 
much improved carrier injection efficiency. In addi- 
tion, the wavelength of emission and absorption 
can be easily customized by selecting material 
systems and thicknesses to create the discrete 
energy levels necessary to provide the desired 
wavelength. 

Furthermore, the opto-electronic devices of the 
invention can be made tunable to different 
wavelengths by the application of a moderate mag- 
netic field perpendicular to the interfaces of the 
structures. A magnetic field allows for device 
tunability by permitting light emission or absorption 
between two magnetic levels (Landau levels). In 
addition, the presence of the magnetic field creates 
singularities in the density of the electronic states, 
which will enhance the efficiency of the device. 

Analogous performance enhancement may be 
gained by further reduction of dimensionality of the 
electronic states in the well from two to one or zero 
dimensions, which would lead to singularities in the 
density of states. Such a reduction in dimensional- 
ity can be achieved by conventional lithographic 
techniques to produce quantum wires or quantum 
dots. 

Although the implementation of the concepts of 
invention imposes certain limitations as to the ma- 
terials systems that can be employed, the use of 
externally-produced stress or strained-layer 
heterostructures can expand the range of suitable 
materials. FinaJly, the inclusion of a third electrical 
terminal in the active region of the devices would 
provide an additional degree of freedom and will 
contribute to the optimization of device perfor- 
mance. 

Claims 

1. " An optoelectronic device comprising: 

a first region (14, 34) of semiconductor ma- 
terial 

having conduction and valence allowed energy 
bands defined by corresponding band edges 



spaced apart by an energy bandgap; 

a second region (16, 36) of semiconductor 
material having conduction and valence energy 
5 bands defined by corresponding band edges 

spaced apart by an energy bandgap; and 

a quantum well active region (12, 32) of semi- 
conductor material sandwiched between said 
w first and second regions, said quantum well 
region having at least two energy states (Ei, 
E2) under a bias voltage at least a first of said 
energy states residing within the bandgap of 
one of said first and second regions and si- 
rs multaneously residing within one of said al- 
lowed energy bands of the other of said first 
and second regions. 

2. The optoelectronic device of claim 1 wherein, 
20 under said bias voltage at least a second of 

said energy states resides within the bandgap 
of one of said first and second regions and 
simultaneously resides within one of the al- 
lowed energy bands of the other of said first 
25 and second regions. 

3. The optoelectronic device of claim 2 wherein 
one of said first and second energy states 
resides in conduction band of one of said first 

30 and second regions and the other of said first 
and second energy states resides in the va- 
lence band of the other of said first and sec- 
ond regions. 

35 4. The optoelectronic device of any one of the 
preceding claims further including at least a 
tunnel barrier disposed between said first or 
said second region and said quantum well 
region, preferably including a first tunnel bar- 

40 rier (18, 38) disposed between said first region 

and said quantum well region and a second 
tunnel barrier (20, 40) disposed between said 
second region and said quantum well region. 

45 5. The optoelectronic device of claim 4 wherein 
said tunnel barriers are each comprised of a 
layer of semiconductor material having a band- 
gap wider than the bandgap of said quantum 
well region to provide carrier confinement and, 

50 to act as an insulator, said barriers being suffi- 
ciently thin to permit carrier tunnelling. 

6. The optoelectronic device of any one of the 
preceding claims wherein said at least two 
55 energy states are located within one of the 
conduction band and the valence band of said 
quantum well region. 



6 



11 



EP 0 433 542 A2 



12 



7. The optoelectronic device of any one of the 
preceding claims 4 to 6 wherein said first 
region, said first tunnel barrier and said quan- 
tum well region form a type I tunnel junction 
and wherein said quantum well region, said 
second tunnel barrier and said second region 
form a type II tunnel junction. 

8. The optoelectronic device of any one of the 
preceding claims 4 to 7 wherein each of said 
tunnel barriers is formed by a zero thickness 
potential barrier. 

9. The optoelectronic device of any one of the 
preceding claims further including means for 
applying a bias to said device sufficient to 
cause one of emission and absorption of elec- 
tromagnetic energy between said first and sec- 
ond energy states in said quantum well region. 

10. The optoelectronic device of claim 3 wherein 
said active region and at least one of said first 
region and said second region form a type II 
heterojunction. 

11. The optoelectronic device of any one of the 
preceding claims wherein said first region is 
InAs, said second region is GaSb, said active 
region is one of InAs and GaSb, and, if 
present, said barrier layer is of ALSb. 

12. The optoelectronic device of any one of the 
preceding claims 4 to 11 wherein said first 
region or said second region, respectively, said 
barrier 1 layer and said active region form one of 
a type I and a type II tunnel junction. 

13. The optoelectronic device of any one of the 
preceding claims 4 to 12 wherein said first 
region, said first barrier layer and said active 
region form a type II tunnel junction and 
wherein said active region, said second barrier 
layer and said second region form a type I 
tunnel junction. 

14. The optoelectronic device of claims 2 or 4 
wherein said first and second energy states 
are located within the conduction band of said 
active region, said device further including 
means for applying a bias to said device such 
that electrons are supplied to said active re- 
gion from said first region at an energy level of 
about that of the higher of said first and sec- 
ond energy states, said electrons relaxing to 
the lower of said energy states thereby radiat- 
ing electromagnetic energy inversely propor- 
tional to an energy of about the difference 
between the higher and lower energy states, 



said electrons being collected by said second 
region at an energy level of about the lower of 
said energy states. 

5 15. The optoelectronic device of claims 2 or 4 
wherein said first and second energy states 
are located within the valence band of said 
active region, said device further including 
means for applying a bias to said device such 

w that holes are supplied to said active region 
from said first region at an energy level of 
about that of the higher of said first and sec- 
ond energy states, said holes relaxing to the 
lower of said energy states thereby radiating 

75 electromagnetic energy inversely proportional 
to an energy of about the difference between 
the higher and lower energy states, said holes 
being collected by said second region at an 
energy level of about the lower of said energy 

20 states. 

16. The optoelectronic device of any one of the 
preceding claims 1 to 10 wherein under equi- 
librium, the Fermi level resides in the band 

25 gap of one of said first and second regions. 

17. The optoelectronic device of claim 16 wherein 
said first region is AllnAsSb, said second re- 
gion and said active region is one of InAs and 

30 GaSb, and, if present, said barrier layer is of 

AlSb. 

18. The optoelectronic device of claims 16 or 17 
wherein said first and second energy states 

35 are located within the conduction band of said 
active region, said device further including 
means for applying a reverse bias to said 
device such that electrons are supplied to said 
active region from said second region at an 

40 energy level of about that of the lower of said 
first and second energy states, said electrons 
being excited to the higher of said energy 
states by an absorption of electromagnetic en- 
ergy inversely proportional to an energy of 

45 about the difference between the higher and 

lower energy states, said electrons being col- 
lected by said first region an energy level of 
about the higher of said energy states. 

so 19. The optoelectronic device of claims 15 or 16 
wherein said first and second energy states 
are located within the valence band of said 
active region, said device further including 
means for applying a reverse bias to said 

55 device such that holes are supplied to said 
active region from said second region at* an 
energy level of about that of the lower of said 
first and second energy states, said holes be- 
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ing excited to the higher of said energy states 
by an absorption of electromagnetic energy 
inversely proportional to an energy of about 
the difference between the higher and lower 
energy states, said holes being collected by s 
said first region at an energy level of about the 
higher of said energy states. 
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